1. Introduction {#sec1}
===============

*Cerebral small vessel disease (cSVD)* is an umbrella term that covers all pathological processes of the small vessels in the brain [@bib1]. The most common form is age-associated and vascular risk factor--associated microangiopathy, which may manifest as acute symptoms (lacunar stroke), as slowly progressive symptoms, including cognitive impairment and gait disturbances, and in magnetic resonance imaging (MRI)--visible structural brain changes, such as white matter hyperintensities (WMHs), enlarged perivascular spaces, small subcortical infarcts, and cerebral microbleeds [@bib2]. It is generally accepted that endothelial dysfunction plays a pivotal role in the early development of cSVD, and there is consequently growing interest in the use of advanced neuroimaging methods to provide quantitative functional information such as cerebrovascular reactivity, cerebral blood flow (CBF) and pulsatility, and blood-brain barrier (BBB) integrity [@bib3]. Such techniques provide quantitative information on changes of the cerebrovascular system including the microvasculature that may predate the subsequent emergence of classic radiological and clinical signs of cSVD and are therefore particularly relevant for mechanistic studies and as specific endpoints in clinical trials of drugs with relevant modes of action, for example, those with effects on endothelial function [@bib4].

Although evidence is presently limited, several studies of patients with small subcortical infarcts or vascular cognitive impairment due to cSVD have suggested that slightly increased BBB leakage is associated with clinical or imaging features of cSVD. This points to an important potential pathophysiologic role for BBB failure in the development of brain tissue damage and the progression of these features over time [@bib1]. BBB integrity is therefore an important target for assessment in studies of pathophysiology and could have an important role in the evaluation of treatment. However, the supposed elevation in BBB permeability associated with cSVD, aging, or dementia is expected in general to be very subtle and is therefore much more difficult to capture than the gross disruption of the BBB seen with acute inflammation, neoplasms, or infarction. Unlike these other pathologies, where signal changes are conspicuous on *T*~1~-weighted (*T*~1~w) or fluid-attenuated inversion recovery (FLAIR) scans after administration of gadolinium-based contrast agents (GBCAs), the effect of cSVD-related BBB degradation on post-contrast MRI signal changes is smaller and will therefore likely benefit from the application of sophisticated quantification methods. The structure of the BBB and slow leakage of GBCAs are illustrated schematically in [Fig. 1](#fig1){ref-type="fig"}.Fig. 1Schematic diagram showing the neurovascular unit. Leakage of gadolinium-based contrast agent (GBCA) molecules across the blood-brain barrier, from the capillary blood plasma space (volume fraction *v*~p~) to the extravascular extracellular space (volume fraction *v*~e~), is illustrated by the arrow. The rate of leakage per unit tissue volume and per unit capillary blood plasma GBCA concentration is described by the permeability--surface area product (*PS*).

For quantitative measurement, *dynamic contrast-enhanced MRI* (DCE-MRI) has been the imaging technique of choice for assessing BBB failure in cSVD and in other low-permeability applications [@bib5], [@bib6]. In this method, the slow accumulation of paramagnetic GBCAs in the extracellular extravascular space (EES) is detected via the *T*~1~-shortening effect on tissue water. As shown in [Fig. 2](#fig2){ref-type="fig"}, the vascular and extravascular contributions to the signal enhancement can be separated by measuring the GBCA concentration in both a vessel ("vascular input function \[VIF\]") and the tissue; the tissue concentration can then be fitted using a pharmacokinetic model to separate the vascular and extravascular components. Careful application of this approach can yield quantitative estimates of the BBB leakage rate (per unit volume and blood plasma GBCA concentration), the blood plasma volume fraction, and other physiological measures [@bib8].Fig. 2Illustrative dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) data in two patients with cerebral small vessel disease (cSVD) with a history of nondisabling stroke showing estimated concentrations of gadolinium-based contrast agent (GBCA) in blood plasma (*c*~p~, blue), white matter (*C*~t~, black), and the fitted Patlak model (dashed line). Data were acquired and processed by the authors using the following protocols: (A) 1.5-T MRI with bolus injection of 0.1 mmol/kg gadoteric acid and a three-dimensional spoiled gradient echo (sGRE) sequence (acquired spatial resolution 0.94 × 1.25 × 4 mm, temporal resolution 73 s, post-injection acquisition time 24 min) and variable flip angle *T*~1~ measurement; the median signal from a semiautomatically generated normal-appearing white matter mask was fitted [@bib7]. (B) 3-T MRI with 3-minute slow injection of 0.1 mmol/kg gadobutrol, 3D sGRE (acquired spatial resolution 2 mm isotropic, temporal resolution 40 s, DCE-MRI acquisition time 21 minutes), and *T*~1~ and flip angle measurement via the DESPOT1-HIFI method; the mean white-matter signal from a region drawn manually in the centrum semiovale was modeled. Blood GBCA concentration ("vascular input function" \[VIF\]) was sampled in the superior sagittal sinus. The derived Patlak model parameters *v*~P~ and *PS* represent the capillary blood plasma volume fraction and the permeability--surface area product, respectively.

The HARNESS (HARmoNising Brain Imaging MEthodS for VaScular Contributions to Neurodegeneration; [www.harness-neuroimaging.org](http://www.harness-neuroimaging.org){#intref0010}) Initiative was formed in 2016, funded by the multinational Joint Programme--Neurodegenerative Disease Research (JPND). The objective of HARNESS is to standardize and disseminate neuroimaging acquisition and analysis protocols for measuring the contributions of vascular disease to dementia and neurodegeneration [@bib9]. As a component of this initiative, a subgroup convened on four occasions in 2017 to consider emerging techniques for BBB leakage imaging, comprising experts in magnetic resonance (MR) physics, neuroradiology, and neurology. This article reflects the outcome of these meetings, and it will focus on the DCE-MRI approach as being, currently, the most evolved and promising technique for obtaining quantitative, local estimates of BBB leakage in brain tissue. We also briefly address other imaging and nonimaging approaches to assess BBB integrity, such as MRI quantification of water exchange rates and biochemical methods, noting that some of these may deserve greater prominence in future following further technical development and validation. Although cSVD is the clinical focus of this work, we have referred to technically relevant work in other diseases. In Section [2](#sec2){ref-type="sec"}, we summarize applications in cSVD and assess the technical progress of this potential imaging biomarker (IB). In Section [3](#sec3){ref-type="sec"}, we then provide detailed explanations of the image acquisition and data analysis steps, highlighting the diversity of approaches taken and the challenges and uncertainties associated with each. Where possible, we provide recommendations for obtaining BBB leakage measurements in future clinical studies of cSVD and dementia as a step toward standardization. Where possible, these are based on evidence from the literature. Where sufficient good-quality evidence is lacking, we aimed to put forward consensus-based recommendations as a starting point for further development and to reduce heterogeneity in the future literature. We also identify aspects of data acquisition and analysis procedures for which there is insufficient evidence to provide firm recommendations and where further basic methodological research is needed. In Section [4](#sec4){ref-type="sec"}, we address practical aspects of imaging cognitively impaired patients. Finally, in Section [5](#sec5){ref-type="sec"}, we locate the technique within an IB framework [@bib10], identifying three priority areas for future development.

2. Summary of clinical studies and methods {#sec2}
==========================================

2.1. DCE-MRI studies in cSVD {#sec2.1}
----------------------------

DCE-MRI has been used to assess BBB permeability effects in several cSVD and other related conditions, including vascular cognitive impairment [@bib11], [@bib12], Binswanger\'s disease [@bib13], [@bib14], cognitive impairment and dementia [@bib11], [@bib12], [@bib13], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], small-vessel stroke and minor stroke [@bib7], [@bib12], [@bib14], [@bib18], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], type 2 diabetes [@bib27], and aging [@bib17]. An overview of the acquisition and analysis methods used in clinical studies and their findings in relation to cSVD is provided in [Table 1](#tbl1){ref-type="table"}.Table 1Summary of methods and clinical findings from DCE-MRI studies of cSVDFirst author (year)Participants (*n*)Contrast agentAcquisitionProcessingMain findingsBronge (2000) [@bib20]Dementia/cognitively impaired with WMH (10)0.2 mmol/kg gadodiamide1.5 T; spin-echo and sGRE; Δ*t* = 10 min; *TA* = 30 minChange in signal and WMH/NAWM signal ratioNo increase in either variable after contrast injectionHanyu (2002) [@bib14]BD (17), minor stroke (10), age-matched controls (14)0.1 mmol/kg gadopentetic acid1.5 T; pre-injection and 15-min-post-injection 2 × TR fast spin-echo *T*~1~ mappingRelative *T*~1~ changeGreater *T*~1~ reduction in WMH in BD than NAWM in controls or WMH in minor stroke; positive association with cognition in BD patientsWang (2006) [@bib19]MCI (11), age-matched controls (11)15 s manual injection 1 mL/10 lb gadodiamide1.5 T; sGRE; Δ*t* = 25.5 s; *TA* = 5 min"BBB permeability index" derived from late enhancementNo significant intergroup differences; no association with age or cognitionWardlaw (2008) [@bib25]\
Wardlaw (2009) [@bib23]\
Wardlaw (2013) [@bib24]Lacunar or mild cortical ischemic stroke (100)40 mL bolus gadodiamide1.5 T; sGRE; Δ*t* = 69 s; *TA* = 30 minMixed linear model of signal enhancementEnhancement greater in lacunar versus cortical stroke in WM and CSF; association (in basal ganglia) with worse outcomeStarr (2009) [@bib15]AD (15), healthy older people (15)20 mL bolus gadopentetic acid1.5 T sGRE; Δ*t* = 3 min 46 s; *TA* = 30 minMixed linear model of signalNo significant difference between groups; significant time-AD interaction effect on signalTopakian (2010) [@bib22]Lacunar syndrome with MRI infarct (28), controls (21)40 mL gadodiamide bolus1.5 T; sGRE; Δ*t* = 65 s; *TA* = 28 minArea under signal enhancement curveGreater AUC in the cSVD group in NAWM; WMH burden predicts AUC in NAWM and CSFIsraeli (2011) [@bib28]Ischemic stroke (34)Not specified3 T; spin-echo T1w; Δ*t* = 7 min; *TA* = 14 minImages and subtraction maps used to calculate "BBB opening score"Lower BBB opening score in lacunar versus nonlacunar stroke lesionsTaheri (2011) [@bib11]VCI (60), controls (20)0.025 mmol/kg bolus gadopentetic acid1.5 T; serial *T*~1~ mapping (TAPIR); Δ*t* = 3.5 min; *TA* = 25 minPatlak model; VIF in SSSWM *K*~i~ higher versus controls; no association with age or CSF albuminHuisa (2015) [@bib13]VCI with BD (22), age-matched controls (16)0.025 mmol/kg bolus gadopentetic acid1.5 T, 3 T; serial *T*~1~ mapping (TAPIR); Δ*t* = 2.5--3.5 min; *TA* = 22.5--24.5 minPatlak model with threshold to generate "abnormal WMP"WMP higher versus controls; no correlation with WMH load; minimal overlap of WMP regions at initial and follow-up scansMontagne (2015) [@bib17]NCI (24), MCI (21)0.05 mmol/kg gadobenic acid3 T; sGRE *T*~1~ mapping and dynamic scan; Δ*t* = 15.4 s; *TA* = 16 minPatlak model; VIF in common carotid arteryAge-dependent increase in hippocampal *K*^Trans^ among NCI only; hippocampal *K*^Trans^, CSF/plasma albumin ratio, and sPDGFRβ higher in MCIHeye (2016) [@bib7]Lacunar or mild cortical ischemic stroke (264)0.1 mmol/kg bolus gadoteric acid1.5 T; sGRE *T*~1~ mapping and dynamic scan; Δ*t* = 73 s; *TA* = 24 minPatlak model; VIF in SSS*K*^Trans^ greater in WMH versus NAWMMunoz Maniega (2017) [@bib21]Signal enhancement slopeSignal enhancement slope in WM increases with WMH burdenWardlaw (2017) [@bib26]Mixed linear model of signal enhancement with time interaction termsSlope in NAWM increases with age and WMH burdenvan de Haar (2016) [@bib29]\
van de Haar (2016) [@bib30]Early AD (16), controls (18)0.1 mmol/kg bolus gadobutrol3 T; SR-sGRE *T*~1~ mapping and dual temporal resolution dynamic scan; Δ*t* = 3.2/31.8 s; *TA* = 25 minPatlak model; VIF in SSS; histogram analysis to estimate "leakage volume" (*v*~L~)Higher GM *K*~i~ and *v*~L~ in AD, negatively associated with CBF in patientsZhang (2017) [@bib12]\
Zhang (2018) [@bib18]mVCI and lacunar stroke (80), age-/sex-matched controls (40)0.1 mmol/kg bolus gadobutrol3 T; SR-sGRE *T*~1~ mapping and dual temporal resolution dynamic scan; Δ*t* = 3.2/30.5 s; *TA* = 24 minPatlak model; VIF in SSS; histogram analysis to estimate *v*~L~*v*~L~ but not *K*~i~ higher in cSVD; lower *K*~i~, higher *v*~L~ in WMH associated with WMH volume but not cognition in cSVD; *K*~i~ in GM and NAWM not associated with WMH volume.Li (2018) [@bib31]Participants presenting to neurology department (diseases/symptoms not specified; 99)0.1 mmol/kg bolus unspecified GBCA3 T; sGRE *T*~1~ mapping and dynamic scan; Δ*t* = 3.8 s; *TA* = 3.5 minPatlak model; VIF in SSS*K*^Trans^ positively associated with cSVD burden and individual cSVD features[^1]

Some studies assessed the relationship between cSVD and BBB leakage by comparing patients with lacunar (i.e., small vessel) stroke and those with cortical stroke, reporting variously lower [@bib26] and higher [@bib23], [@bib25] BBB leakage in the white matter (WM) and greater leakage of GBCA into the cerebrospinal fluid (CSF) [@bib23], [@bib26]. BBB leakage has also been studied in relation to WMH burden or total cSVD score [@bib32] as indicators of disease burden, with some studies showing a positive association [@bib21], [@bib22], [@bib26], [@bib31] between BBB leakage and disease burden and other studies reporting negative or nonsignificant associations between WMH volume and leakage in various brain tissue types [@bib13], [@bib18]. Some studies compared patients with cSVD with controls, reporting greater leakage in the disease groups [@bib11], [@bib13], [@bib14], [@bib17], [@bib22], [@bib30] and, in two studies, no significant difference in the leakage rate [@bib12], [@bib19]. One study reported an association between BBB leakage and worse functional outcome at long-term follow-up [@bib24].

Many studies reported leakage measures in both normal-appearing WM and WMH, although few reported on whether the difference was statistically significant. One study did report significantly greater leakage in WMH versus normal-appearing WM [@bib7], including greater leakage with increasing proximity to the WMH [@bib26], whereas another study reported no significant difference [@bib20]; other studies quoted lower [@bib12] and higher [@bib14], [@bib30], [@bib31] leakage rates in WMH versus normal-appearing WM.

Although there is a degree of convergence in the literature regarding the relevance of BBB permeability in cSVD, there is, as described above and in [Table 1](#tbl1){ref-type="table"}, significant variation in both methodology and results, including order-of-magnitude differences in reported leakage rates [@bib16]. A number of effects may explain the variation in reported findings. Some of these are pertinent to clinical studies in general, including sample size considerations (*n* = 10--264 patients), study design, and differing approaches to statistical analysis and correction for risk factors and other variables. For cSVD studies, participants are recruited through a variety of pathways and from various populations, including patients presenting with cognitive impairment, acute stroke, or dementia; participants may be in various stages of the disease process.

Importantly, the lack of a common approach to measuring BBB failure by MRI presents a substantial additional barrier to comparison and interpretation of the data. A wide range of acquisition protocols, analysis techniques, and "leakage" or "permeability" metrics ([Table 1](#tbl1){ref-type="table"}) have been used in these studies. To an extent, these approaches may represent different measures of the same underlying physiology and of different aspects of BBB function; however, some measurements may be strongly confounded by other biological and instrumental factors and may therefore be inadequate indicators of BBB integrity. Fortunately, there has been moderate but significant methodological progress over the past several years, with a small number of publications beginning to identify and address the technical limitations [@bib7], [@bib33], [@bib34], [@bib35], [@bib36], which, while somewhat well known within the DCE-MRI field, can be particularly salient in the situations of subtle vessel permeability considered here. These limitations, the diversity of approaches noted above, and steps toward more targeted and harmonized IBs of subtle BBB failure are discussed in the following sections.

2.2. Alternative methods for assessing BBB leakage {#sec2.2}
--------------------------------------------------

Several alternative imaging-based methods for detecting subtle BBB leakage have been proposed. Dynamic susceptibility contrast (DSC-) MRI ("perfusion MRI" or "first-pass perfusion MRI") has been proposed for characterizing BBB leakage in oncology [@bib37] and stroke [@bib38], [@bib39], [@bib40]. However, the typically short acquisition time, the difficulty of modeling the effects of contrast agent on both *T*~2~\* and *T*~*1*~, which have a strong dependence on microstructural properties such as vessel size, and the challenge of disentangling perfusion and leakage effects make quantitative evaluation with DSC-MRI particularly challenging in cSVD, where the leakage rate is typically orders of magnitude lower than in tumors [@bib41], [@bib42].

Multicompartment modeling of the arterial spin labeling signal provides a potential route to measuring BBB permeability to water by separating the intravascular and extravascular contributions based on the different diffusion [@bib43], [@bib44], [@bib45] or transverse relaxation [@bib46], [@bib47], [@bib48] properties of the two compartments. A method for estimating global water BBB permeability has also been recently proposed, derived from the arterial spin labeling signal measured in veins [@bib49]. Arterial spin labeling--based methods have the important advantage of not requiring GBCA administration, but sensitivity limitations are currently a barrier to reliable measurement in gray matter (GM) and especially in WM. Water exchange dynamics can also be probed via their effect on the spoiled gradient echo (sGRE) signal after GBCA administration [@bib50]. However, the relationship between water permeability and BBB integrity, in the sense of the BBB\'s protective function, is uncertain. Abnormal water permeability may in fact signify distinct and multiple physiological aspects such as aquaporin function and metabolic turnover. Finally, GBCA-induced enhancement of CSF on *T*~2~w-FLAIR and *T*~1~w images allows detection of leakage through the BBB or blood-CSF barrier [@bib23], [@bib51]. This approach provides qualitative leakage information, not tissue leakage rates, but may be straightforward to use as a marker of leakage that may be clearly visible using standard structural sequences. Presently, it remains unclear through which route pericortical CSF enhancement is achieved, whether through BBB defects via perivascular spaces [@bib23] and thence to the ventricles or cortical surface, or via defects in the blood-CSF barrier, for instance in the choroid plexus, or via both pathways. Such measurements have been performed hours or even days after administration of contrast [@bib52], [@bib53], which illustrates the slow nature of the leakage and may suggest that in practice, imaging does not need to be performed immediately after contrast administration.

Subtle leakage has also been measured previously using the ^68^Ga ethylenediaminetetraacetic acid (^68^Ga EDTA) tracer with positron emission tomography [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], but the use of ionizing radiation, high costs, lack of available infrastructure, and limited spatial resolution have limited their use in cSVD research. Computed tomography methods have also been reported [@bib59], [@bib60], but these approaches also carry risk from radiation dose and require iodinate contrast agent administration. A key advantage of MRI-based approaches is the opportunity to additionally characterize a range of structural cSVD features with high resolution and contrast-to-noise ratio (CNR) to assess the patient cSVD burden and to segment relevant regions of interest for BBB leakage measurement.

Many nonimaging studies have assessed BBB disruption in normal aging, dementia, and vascular disease using biochemical methods in CSF or plasma [@bib5], [@bib61], primarily via the CSF/serum albumin ratio. However, such global markers, as well as being invasive, do not provide information on the rate, anatomical locations, or tissue classes associated with BBB leakage.

2.3. Accuracy and reproducibility {#sec2.3}
---------------------------------

Owing to the lack of reliable, convenient reference methods, there have been few attempts to validate or compare DCE-MRI measurements of subtle leakage against other techniques in humans. Taheri et al. reported a significantly higher CSF albumin index and higher leakage rate measured by DCE-MRI among cognitively impaired patients with "suspected microvascular disease with extensive WM involvement" versus controls but did not find a significant correlation between the two measures [@bib11]. Montagne et al. reported a correlation between both the CSF/plasma albumin ratio and a marker of pericyte dysfunction (CSF platelet--derived growth factor receptor β) with DCE-MRI leakage rates in the hippocampus among two age-matched groups (combined) of participants with mild and no cognitive impairment respectively; however, significant associations with leakage rates measured in other brain regions were not reported and the effects of partial volume artifact in these small regions of interest and of inflow effect on the VIF are unknown [@bib17]. Additional corroborative data between blood, CSF, or histological (e.g. Evans Blue, tissue fibrinogen, Claudin-5, or immunoglobulin G) markers of BBB failure and DCE-MRI in humans or in rodent models or validation using custom-built phantoms with appropriate hemodynamic and permeability characteristics would permit greater confidence in the technique. Despite the near absence of such validation, sources of systematic errors in such measurements in humans have been explored and will be discussed in the following sections [@bib7], [@bib33], [@bib35], [@bib62].

Further information on reproducibility would also aid development as a quantitative IB but requires repeated administration of GBCA and is likely to depend on the acquisition and processing methods used. We are aware of only one reproducibility study reported in the literature to date [@bib36], which found, among a group of patients with mixed cerebrovascular diseases scanned at 3 T, coefficients of variation of 11.6 % and 14.4 % for WM and GM leakage rates, respectively.

3. Review of methodology and HARNESS recommendations {#sec3}
====================================================

In the following sections, we review key aspects of subtle BBB leakage measurement by DCE-MRI, including the main challenges, uncertainties, and pitfalls associated with each acquisition and processing step (summarized in [Fig. 3](#fig3){ref-type="fig"}). Where possible, we provide consensus recommendations for current practice and identify aspects where further primary research is needed to support future recommendations---these recommendations are summarized in [Table 2](#tbl2){ref-type="table"}.Fig. 3Schematic block diagram illustrating the steps required to quantify subtle BBB leakage of GBCA. The steps indicated above the arrow are performed during the pilot phase or as part of quality assurance procedures. Abbreviations: BBB, Blood-brain barrier; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; GBCA, gadolinium-based contrast agent; *K*^Trans^, volume transfer constant; *PS*, permeability--surface area product; VIF, vascular input function.Table 2Summary of the main HARNESS consensus recommendations for implementation and future development of BBB leakage imagingCategoryRecommendationsResearch questions and objectivesMRI hardware•1.5 T or 3 T•Head coil with high sensitivity and homogeneity•Maximal temporal stability in signal and *B*~1~•Padding to restrict head motion•QA program including "sham" DCE-MRI without contrast in volunteers•Influence of field strength on precision•Application/development of motion reduction/compensation techniquesPulse sequence•3D spoiled gradient echo or 3D saturation-recovery spoiled gradient echo•Reliable pre-injection *T*~1~ measurement•Effect on precision•Influence of flip angle inhomogeneity•Artifact reductionAcquisition parameters•Spatial resolution sufficient to determine VIF and smallest structures of interest without partial volume artifact•Temporal resolution 1 min or better•15-20 minute DCE-MRI acquisition time•Influence of sequence parameters and injection protocol on precision and accuracyContrast agent•Standard dose of low--molecular weight GBCA•Selection based on latest appropriate (e.g., EMA/FDA) safety guidance•Novel, safe contrast agents with greater *T*~1~ relaxivity and BBB permeability•Development and validation of non-exogenous contrast methodsPreprocessing•Spatial realignment of time series•Signal-concentration conversion, using pre-contrast *T*~1~ measurement if available•Utility of flip angle correction•Influence of water exchange rates•Tissue dependence of relaxivityPharmacokinetic modeling•Fit time-concentration data to appropriate pharmacokinetic (typically Patlak) model•Causes and correction of signal drift•Spatiotemporal noise structureVascular input function•Measurement of individual patient VIF in a large venous sinus•Evaluation of signal phase for estimating VIFRegional measurement•Report representative *PS* (*K*^Trans^) measurements for each region or tissue•Minimize cross-contamination between tissues due to partial volume artifact and image misregistration•Development and validation of postprocessing methods to reduce influence of noise and artifact in parameter mapsBiological interpretation and reporting•*K*^Trans^ or *PS* reported as "leakage rate" of the GBCA•Full reporting of DCE-MRI and *T*~1~ measurement acquisition and analysis ([Table 3](#tbl3){ref-type="table"})•Data on precision and accuracy of *PS* including validation against other measures of BBB integrity•Reliable measurement of capillary surface area in vivo[^2]

3.1. MRI hardware {#sec3.1}
-----------------

DCE-MRI measurements of subtle leakage are feasible at both 1.5 T and 3 T, and there is presently no published evidence indicating the benefit or otherwise of increased magnetic field strength. Although the influence of field strength on the signal-to-noise ratio is well understood, the effect on errors in the leakage rate is complex and mediated by field strength--dependent differences in the pre-contrast longitudinal relaxation rate *T*~1,0~, contrast agent relaxivity *r*~1~ [@bib63], [@bib64], transmit and receive coil inhomogeneity, and other factors; additional studies including numerical simulations of these effects would help to assess the influence of magnetic field strength. Because the signal changes measured are typically close to the noise level, future hardware developments that increase CNR while preserving stability and homogeneity will likely improve the precision of leakage measurements. It is plausible that imaging at 3 T and 7 T will, in some scenarios, yield increased CNR and greater precision of leakage parameters or, alternatively, facilitate scanning at higher spatial resolution with reduced partial volume artifact compared with 1.5-T imaging. Scanning at higher field also facilitates structural scanning at higher spatial resolution, which is likely to result in better evaluation of BBB changes in relation to cSVD features, including WMH and enlarged perivascular spaces. Temporal stability and artifact level are also crucial hardware considerations because of the very small signal enhancement and signal change observed. Use of high-sensitivity radiofrequency receive coils with a high number of elements and appropriate padding to restrict head motion is also likely to be beneficial. Finally, the capability to achieve a high maximum gradient strength and slew rate ensures short minimum echo times, which reduce confounding *T*~2~\* effects of the GBCA.

3.2. Pulse sequences {#sec3.2}
--------------------

A three-dimensional MRI pulse sequence is recommended to maximize the signal enhancement changes relative to the noise level, to reduce the effect of inflow artifact on the VIF and to obtain adequate spatial resolution and coverage within an acceptable scan time. Use of both three-dimensional sGRE (also known as "SPGR," "FLASH," and "T1-FFE"; e.g. [@bib26]) and three-dimensional saturation-recovery sGRE (SR-sGRE; e.g. [@bib12]) have been reported. Spoiled GRE with short echo time and repetition time permits faster imaging, but there is no evidence to indicate which of these sequences is more sensitive to BBB leakage. Furthermore, despite knowledge of the equations governing the signal intensity of these sequences as a function of relaxation times and acquisition parameters, determination of the optimal sequence and parameters for precise measurement of subtle leakage are not trivial and thus further theoretical and experimental exploration is required.

Although DCE-MRI typically consists of serial signal intensity measurements, from which *T*~1~ changes are calculated via the signal enhancement relative to baseline, some researchers have instead directly obtained a series of quantitative *T*~1~ measurements [@bib65]. The latter approach may ameliorate some of the effects of scanner instability and coil inhomogeneity, as well as changes in *T*~2~\* (since the signal is not normalized to the pre-contrast signal intensity), but *T*~1~ relaxation maps take significantly longer than *T*~1~w images to acquire. This approach may in principle be suited to long acquisitions when subjects are removed from the scanner between measurements or where the DCE-MRI scans can be interleaved with other (e.g., structural) MRI sequences. Dynamic acquisitions acquiring data continuously for longer than 15-20 minutes might increase detectability as more contrast enters the brain parenchyma or CSF; however, the benefits of extending the acquisition time will be limited by practical considerations such as cost and patient tolerability, and by renal clearance of GBCAs.

Finally, accurate quantification of *T*~1~ change and GBCA concentration requires knowledge of the pre-injection tissue and blood *T*~1~ [@bib33] values with ideally the same spatial resolution and coverage as the dynamic acquisition; a minor drawback of this approach is the additional time and complexity needed to accurately and precisely measure *T*~1~ in both flowing and stationary tissues. Alternatively, literature *T*~1~ values may be used to reduce the examination time, but it should be noted that parenchymal *T*~1~ has a known association with cSVD burden and risk factors [@bib26] and could therefore confound leakage measurements if incorrect, whereas blood *T*~1~ varies with age and hematocrit [@bib66], [@bib67]; assumed *T*~1~ values may therefore not be advisable in this context if reliable *T*~1~ measurements can be made. Variable flip angle sGRE and variable saturation-recovery delay SR-sGRE have been used to measure pre-contrast *T*~1~ [@bib12], [@bib17]. The sGRE technique is faster but known to be highly sensitive to flip angle inhomogeneity and inaccuracy [@bib68]. Investigators should consider the impact of flip angle variation on both *T*~1~ and DCE-MRI measurements and, if necessary and feasible, perform a correction using a reliable flip angle mapping method [@bib69], [@bib70].

3.3. Acquisition parameters {#sec3.3}
---------------------------

DCE-MRI of the whole brain or, at minimum, the basal ganglia, periventricular tissues, and centrum semiovale from anterior to posterior regions is recommended for studies of cSVD. The spatial resolution required depends on the study aims but should be sufficient to resolve the smallest structures, tissues, or lesions of interest with minimal partial volume artifact. For all studies, the resolution and orientation should be such that at least one major blood vessel is clearly resolved for measurement of the VIF. Acquired voxel volumes of 2-10 mm^3^ are typical. For a three-dimensional acquisition, Gibbs artifact propagates in all three dimensions; therefore, thick slices should be avoided to reduce the impact on parameter maps [@bib7].

An imaging volume with axial orientation typically permits faster sampling if inferior brain regions such as the posterior fossa are not of interest; however, slab-selective excitation of an axial imaging volume may result in blood inflow artifact in the VIF. This effect can be reduced via sagittal or coronal acquisition. The use of spatially nonselective excitation will further reduce inflow and may increase uniformity of the excitation profile.

Unfortunately, it is challenging to achieve the above spatial requirements with both a rapid sampling rate and acceptable CNR using currently available 1.5-T and 3-T MRI scanners. As a consequence, the rapid concentration changes following a bolus injection of GBCA are difficult to resolve. For subtle leakage measurement, the primary justification for high temporal resolution sampling is to measure the high and rapidly changing GBCA concentrations in blood during the first pass, so that leakage occurring during this period can be modeled. However, the error caused by temporal undersampling of the first pass can be assessed via simulations and it has been shown that this may be small with a temporal resolution on the order of one minute [@bib7]. In an alternative approach, the first pass is sampled at higher temporal resolution with consequently reduced spatial coverage and/or spatial resolution during the early circulatory phases [@bib30]. This approach increases the complexity of the acquisition, but provided the spatial and temporal resolutions are sufficient to accurately measure concentration in a large vessel, the contribution of leakage during the first pass can be appropriately modeled. A third option is to perform a slow injection of GBCA, which results in slower early-phase blood concentration changes; this approach allows the signal dynamics to be adequately sampled at lower temporal resolution, reduces *T*~2~\* effects and the range of blood GBCA concentrations to be measured, and ensures that venous GBCA concentration more accurately reflects the arterial concentration and therefore the VIF. Although a slow injection approach has been reported previously in the literature [@bib19], the benefits have yet to be evaluated for subtle BBB leakage measurement.

Although leakage rates can be measured at low temporal resolution, there are potential benefits to limiting the scan time for each volume: first, artifact and blurring due to patient motion and GBCA concentration change may be reduced; second, rapid sampling of both tissue and blood GBCA concentrations after a bolus injection permits measurement of CBF as well as plasma volume fraction and leakage rate, provided a reliable *arterial* (not venous) input function can be measured and an appropriate pharmacokinetic model is used [@bib71].

A final important consideration is the total scan duration. For measurement of slow extravasation, a longer overall scan time was shown to increase the reproducibility of leakage measurements [@bib36]; in practice, the acquisition time is limited by patient cooperation (e.g., head movement), the availability and cost of scanning time, and the need to obtain additional images for clinical evaluation and/or research purposes. As the leakage rate differs between GM, WM, and lesions, the optimal scan time may also depend on the clinical focus of the study. As a guide, we recommend that DCE-MRI scanning continues for at least 15 and preferably 20 minutes at 3 T [@bib72]. Multiple images should also be acquired before a contrast injection to allow reliable estimation of the GBCA concentration, which is based on the relative signal enhancement with respect to pre-contrast images [@bib35]. The requirement for a relatively long acquisition time may be one reason for the limited adoption of the DCE-MRI method in cSVD research studies, and future evaluation of ways to reduce the scan time would be beneficial. Interleaving of the DCE-MRI scan with other MRI techniques (e.g., FLAIR, *T*~2~w) to limit the total examination time, while still acquiring DCE-MRI images at late time points, is a potential solution but would require detailed consideration including an understanding of the effects of contrast agents on the interleaved sequences and the potential effect of any additional pre-scan adjustments. Long acquisition times might also be achieved more conveniently via methods that enable the patient to leave and re-enter the MRI scanner during the experiment.

In summary, there is considerable uncertainty around the "optimal" pulse sequence and acquisition parameters to use and further experimental and theoretical investigation is required. Cramer et al. and other groups used a Monte Carlo simulation approach to generate synthetic data for a range of pharmacokinetic parameters and incorporating various effects, such as CBF, noise, and scanner drift; these were then fitted using a pharmacokinetic model to yield graphs of "measured" versus "actual" leakage measures, to illustrate the precision (error bars) and accuracy (deviation from the line of equality) of the estimates [@bib7], [@bib34]. Barnes et al. also used a simulation approach, introducing the "K-CNR" quantity to represent the CNR of the measured leakage rate for a 10% difference in the actual leakage rate [@bib35]; however, this approach combines both systematic and random errors in a single metric. All simulation approaches are limited by the accuracy of the model used to generate the ground truth data (typically the two-compartment exchange model) and rarely account for factors that may be substantial but difficult to predict and simulate, such as motion, ghosting, and Gibbs artifacts, and by the spatiotemporal noise structure.

3.4. Contrast agent {#sec3.4}
-------------------

The leakage rate and the accuracy and precision of its measurement are likely to depend on the size, shape, and chemical properties of the contrast agent [@bib73], [@bib74], but at present, there is no convincing evidence for selecting a specific GBCA for studies of BBB integrity. On theoretical grounds, one would prefer a contrast agent with a strong *T*~1~ relaxivity, high BBB permeability (compared with the agents listed in [Table 1](#tbl1){ref-type="table"}), and long biological half-life to obtain the lowest detection limit for leakage. Binding of linear GBCAs to albumin is another issue that deserves consideration, as it will hinder extravasation on the one hand but will increase relaxivity due to slower molecular tumbling. Partial protein binding also adds uncertainty to the conversion between signal change and GBCA concentration, as the protein concentration may vary between compartments and tissues [@bib75].

Because the aforementioned issues require further investigation, the choice of contrast agent should at present be based primarily on safety considerations, including minimizing the risks of nephrogenic systemic fibrosis [@bib76] and long-term retention of gadolinium [@bib77], [@bib78], [@bib79]. Some investigators have used a reduced dose of GBCA to reduce "ceiling" effects on the signal enhancement during the first pass [@bib62], [@bib65]. For measurement of slow leakage, however, increasing the gadolinium concentration gradient between the vascular space and parenchyma will drive increased transfer across the BBB and reduce the leakage detection limit; ceiling effects can be avoided by tailoring the pulse sequence parameters (e.g., flip angle for sGRE) during the first pass or by reducing the injection rate. Therefore, we recommend using the standard clinical dose of GBCA subject to patient safety considerations.

3.5. Data preprocessing {#sec3.5}
-----------------------

Once images have been acquired and before kinetic modeling of the data, a number of preprocessing steps ([Fig. 3](#fig3){ref-type="fig"}) should be performed as required. Head motion, which is inevitable over a lengthy DCE-MRI scan, should be corrected using widely available image co-registration algorithms such as SPM Realign (<https://www.fil.ion.ucl.ac.uk/spm/>) and FSL MCFLIRT [@bib80]. The second preprocessing step is to convert the absolute MRI signal to the signal enhancement relative to the pre-injection intensity. Third, the signal enhancement is converted to tissue GBCA concentration. A GBCA induces a change in *R*~1~ (=1/*T*~1~) that is approximately linearly related to the concentration via a proportionality constant known as the relaxivity *r*~1~. Because there is little information available regarding the variation of *r*~1~ in different tissues, it is normally assumed to be the same in blood and brain tissue; therefore, the value used has no effect on the final leakage measurement. The *R*~1~ increase in turn causes a signal enhancement that is approximately linear at low GBCA concentrations but dependent on the pre-contrast *T*~1~. We recommend this conversion be performed using an equation that accurately describes the MR signal of the pulse sequence used. Measured pre-contrast *T*~1~ and, if required and available, flip angle values should be used in such calculations instead of assumed values, particularly for techniques with high *B*~1~ sensitivity such as sGRE. For blood, the determination of GBCA concentration from signal change can be more difficult as *T*~2~\* and inflow effects may affect the relationship, especially at the relatively high first-pass concentrations. Measuring the phase of the MRI signal in large vessels provides a potential alternative way to determine the VIF, which has been proposed for DSC-MRI and DCE-MRI measurements and could in future be explored in this context [@bib81], [@bib82]. Enhancement to concentration conversion in blood can alternatively be achieved by scanning test objects containing a range of known gadolinium concentrations and with appropriate pre-contrast *T*~1~ values [@bib36], but the concentration estimates are influenced by the accuracy of the assumed blood *T*~1~ as discussed previously.

3.6. Data analysis {#sec3.6}
------------------

Many different approaches have been reported for generating metrics of BBB integrity from DCE-MRI ([Table 1](#tbl1){ref-type="table"}) in cSVD and other pathologies, with the outcome measures variously labeled as "*K*^Trans^," "permeability," "leakage rate," "BBB opening score," "BBB permeability index," etc. This variability impedes reliable interpretation, and comparison and pooling of data across studies. All such analysis methods can be categorized as either qualitative, semiquantitative, or quantitative. Because the tissue enhancement in cSVD is normally too small to be visible radiologically, qualitative analysis is rarely used except to identify visibly enhanced areas in CSF or stroke lesions.

Semiquantitative analysis has been used to probe BBB leakage in several cSVD studies, including area-under-curve calculation [@bib22], mixed general linear modeling of the MRI signal to determine differences in the signal-time curves [@bib23], and several other methods referred to in [Table 1](#tbl1){ref-type="table"}. Such approaches are relatively straightforward to implement and may reflect in part variation in BBB leakage across a sample over which the scan protocol is kept constant. However, the signal changes after GBCA injection depend strongly on the pulse sequence, field strength, contrast injection protocol, vascular supply, the time delay between contrast administration and measurement, and other factors additional to the kinetics of GBCA leakage; the signal changes and derived semiquantitative parameters are therefore not considered to be quantitative markers of BBB leakage.

Quantitative pharmacokinetic modeling approaches, which aim to generate (continuous) kinetic measures with a direct relationship to the underlying tissue properties [@bib7], are simpler to interpret and less sensitive to the acquisition protocol than qualitative and semiquantitative analysis; this is particularly salient for comparison of results between sites and for longitudinal and multicentre studies where MRI system differences, scanner upgrades, and instrumental instability are likely to have a smaller effect on the values of carefully determined pharmacokinetic measures. The aim of such analysis is normally to estimate the BBB leakage rate by modeling the relationship between blood and tissue GBCA concentrations as a function of tissue and GBCA properties. In recent years, understanding and confidence in the use of pharmacokinetic modeling for subtle BBB leakage measurement has increased and its application has widened. We therefore recommend this approach where the imaging protocol is adequate to support it, for example, availability of a high-quality VIF, and with awareness of the limitations of this type of analysis discussed below.

3.7. Pharmacokinetic modeling {#sec3.7}
-----------------------------

Several pharmacokinetic models are commonly used to analyze DCE-MRI images in a range of tissues and pathologies, and it is critical to select a model appropriate to the acquisition protocol, the tissue microstructure, and the likely ranges of the pharmacokinetic parameters [@bib7], [@bib8], [@bib83]. Ideally, the model should predict the total tissue GBCA concentration *C*~t~ (i.e. including both capillaries and the EES) using the minimum number of parameters required to properly fit the data. For measurement of slow leakage at low temporal resolution, we recommend the Patlak model, which has now been used by several groups in the subtle BBB leakage literature and has been shown to perform well in comparison to other models, including the two-compartment exchange and extended Tofts models [@bib7], [@bib34], [@bib35]. The Patlak model makes two particular assumptions: (1) GBCA concentration in capillaries is accurately represented by VIF measurements in a large vessel, which is justified where tissue perfusion is sufficiently high in relation to BBB leakage and to changes in arterial GBCA concentration, and (2) back-flux from the EES to the capillaries is negligible, which is normally justified in subtly leaking tissues (though not necessarily in tissues with higher leakage rates, as found in some stroke lesions [@bib7]) where the plasma concentration remains much greater than that in the EES. These assumptions lead to a simple model equation that is conveniently linear in the two unknown parameters:$$C_{t}\left( t \right) = v_{p}c_{p}\left( t \right) + PS\int\limits_{0}^{t}c_{p}\left( t^{'} \right)\text{d}t^{'}\text{,}$$where the permeability--surface area product (*PS*) represents the BBB leakage rate per unit capillary plasma GBCA concentration and per unit tissue volume; *v*~p~ is the dimensionless parameter representing the capillary blood plasma volume fraction in tissue, and $c_{p}\left( t \right)$ is the GBCA concentration in blood plasma; the latter is given as $c_{p}\left( t \right) = c_{b}\left( t \right)/\left( {1 - \text{Hct}} \right)$, where Hct is the hematocrit and $c_{b}\left( t \right)$ is the GBCA blood concentration estimated by the VIF. Example data and Patlak model fits are shown in [Fig. 2](#fig2){ref-type="fig"}.

It is essential to consider the appropriateness and limitations of this or any other pharmacokinetic model in relation to the particular tissue properties and acquisition protocol pertaining to the study. For example, the assumption of high tissue perfusion may be inappropriate for modeling the rapid concentration changes that occur around the time of the first pass after a bolus injection---this inaccuracy may be reduced by excluding the early data points from the fitting (however, the *c*~p~ values during the first pass are retained to calculate the integral term of Eq. [1](#fd1){ref-type="disp-formula"}) [@bib7], [@bib62]. *PS* measurements in highly ischemic tissues (i.e., those with very low CBF) could also be confounded. The further assumption of negligible back-flux across the BBB may also be invalid for the relatively high leakage rates sometimes found in stroke lesions and/or at long acquisition times where the GBCA concentrations in the EES and capillaries may be comparable; back-flux is expected to become significant as the acquisition time after injection approaches the mean transit time for the EES, equal to *v*~e~/*PS*, [@bib8] and is likely to be (although there is no empirical data) much longer than the recommended 15- to 20-minute acquisition time in normal-appearing brain tissue.

To assess model suitability, we recommend that time-signal data and model fits to concentration-time curves be inspected visually in at least a subsample of the data; if required, simulations for testing model validity should be performed and reported (e.g., references [@bib7], [@bib32], [@bib62]). Statistical approaches, such as the Akaike information criterion, may also aid model selection [@bib7], [@bib84], [@bib85] but address only goodness of fit and not the model\'s physical or biological validity. Data can be fitted using widely available nonlinear least squares minimization algorithms, and convergence of the fit should be verified visually in a subset of the data. Constraints to fitted parameters should in general be avoided because noise and artifacts can result in values that lie outside of the expected ranges, for example, scanner drift can result in biased, potentially even negative, leakage rate and plasma volume fraction estimates [@bib7], [@bib35]. The Patlak model may be fitted with high computational efficiency using the "graphical" Patlak approach, in which *PS* is determined as the slope of a $C_{t}\left( t \right)/c_{p}\left( t \right)$ versus $\int\limits_{0}^{t}c_{p}\left( t^{'} \right)dt^{'}/c_{p}\left( t \right)$ scatter plot. Alternatively, multiple linear regression analysis can be performed with $C_{t}\left( t \right)$ as the dependent variable and $c_{p}\left( t \right)$ and $\int\limits_{0}^{t}c_{p}\left( t^{'} \right)\text{d}t^{'}$ as the regressors, which is less vulnerable to noise for small $c_{p}\left( t \right)$ than the graphical method.

Although the validity of the specific assumptions underlying the Patlak model can be assessed, several other assumptions and confounds can affect results from any model. For example, research is needed to determine the influence of water exchange rates across the endothelium and cell membrane on the estimated subtle leakage rates because water exchange is assumed to be infinitely rapid in most pharmacokinetic models [@bib86]. Signal drift, which may result in comparable signal changes to those induced by any GBCA leakage, can also have a substantial influence on the estimated pharmacokinetic parameters [@bib7], [@bib33], [@bib35], and research is needed to better understand the physiological and instrumental processes underlying drift and to develop methods for assessment and compensation. It is therefore prudent to perform simulations and "sham" DCE-MRI scans without contrast to evaluate the potential impact on leakage rate estimates. Other common assumptions, such as tissue-independent relaxivity, instantaneous mixing of the tracer within tissue compartments, and an equal hematocrit in large vessels and capillaries, may also affect accuracy. Pharmacokinetic models are necessarily based on a highly simplified description of tissue microstructure and function and therefore can ignore potentially relevant features such as the perivascular space and interstitial fluid transport.

3.8. Vascular input function {#sec3.8}
----------------------------

An important consideration for quantitative measurements is determination of the VIF because pharmacokinetic models require knowledge of the GBCA concentration in the blood plasma entering the tissue. Measurement in the feeding cerebral arteries is difficult because of their small cross-section leading to partial volume artifact and, particularly for axial acquisitions, the rapid inflow of protons from below the volume of excitation, which have not reached a steady state, giving rise to reduced enhancement after contrast administration and therefore inaccurate concentration estimates [@bib71], [@bib87]. We therefore recommend VIF measurement in a large venous sinus, such as the superior sagittal sinus because both of these detrimental effects can be minimized: partial volume artifact due to the increased diameter of the lumen and inflow artifact due to the lower blood velocity and longer time available to reach a steady state within the excitation volume, provided this is sufficiently large. The posterior section of the superior sagittal sinus is also less sensitive to motion because of its position near the fulcrum of head movement when the subject is lying supine. In our experience, venous VIFs have higher signal-to-noise ratio and CNR and are more representative of blood concentration than VIFs measured in the internal carotid or middle cerebral arteries, for the reasons described previously. Although venous GBCA concentration theoretically represents an "output" rather than an input function, the arterial and venous concentration profiles are found to be very similar following the rapid early changes during the first pass of the bolus [@bib71]. For the purposes of applying the Patlak model, which should not in any case be used to fit first-pass data, the superior sagittal sinus VIF provides a good approximation to the arterial input function. VIF voxels should be selected using the dynamic rather than structural images to ensure good CNR and to avoid contamination from non-blood signals.

A VIF may potentially be estimated using a mathematical function based on population-averaged data [@bib88], [@bib89], [@bib90], and this approach avoids some of the errors inherent in patient-specific VIF measurements. However, assumed VIF functions do not take account of either day-to-day or intersubject differences [@bib91] because of variation in cardiac and renal function, body composition, and other unknown factors. Such confounds could potentially influence cross-sectional and longitudinal analysis of BBB leakage; therefore, we recommend measurement of a high-quality VIF in each patient.

3.9. Regional measurement {#sec3.9}
-------------------------

Two general approaches to image analysis are commonly used in DCE-MRI: (1) voxel-based mapping of pharmacokinetic parameters, which are then sampled using tissue masks or regions of interest and (2) modeling of ROI- or tissue-averaged signals. The first approach is, in principle, superior because it does not assume that voxels within a tissue or region share a common set of properties, the spatial resolution of the original images is retained, additional insight into the spatial pattern of leakage may be obtained, and histogram analyses of leakage parameters can be performed [@bib12], [@bib25]. In practice, as illustrated in [Fig. 4](#fig4){ref-type="fig"}, the noise and artifact levels for individual voxels can be substantial and may impede the generation of reliable parameter maps; in such cases, signal averaging to increase the CNR within regions before pharmacokinetic modeling (as shown in [Fig. 2](#fig2){ref-type="fig"}) is advisable and, by reducing the size of the data set, renders visual inspection of the fit quality feasible. Mean or median *PS* and *v*~P~ and a measure of inter-subject variation (such as standard deviation or interquartile range) should be reported for each region or tissue as a minimum.Fig. 4(A) Illustrative 3-T *PS* (units min^−1^) map in a patient with cSVD (71-year-old female) after acute lacunar stroke 6 weeks previously. For the corresponding *PS* map (B), the raw DCE-MRI images were smoothed using a three-dimensional gaussian kernel (full width at half-maximum 2 mm) during preprocessing to suppress the noise and Gibbs artifact apparent in (A). In both maps, the low level of leakage is apparent, with noticeably higher values in the stroke lesion (indicated by the cross hairs) and in the periventricular normal-appearing white matter ipsilateral to the stroke lesion. The corresponding *T*~2~w-FLAIR image is shown in (C). DCE-MRI data were acquired and processed by the authors as described in the caption to [Fig. 2](#fig2){ref-type="fig"}B. Abbreviations: cSVD, cerebral small vessel disease; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; *PS*, permeability--surface area product.

Where voxel-based analysis is performed, the low CNR leads to leakage estimates that are frequently close to the noise level and may often be negative. Van de Haar et al. [@bib12], [@bib30] illustrated the substantial noise contribution in individual voxels resulting in negative leakage estimates in a relatively large proportion. Using a histogram approach, the authors attributed negative leakage values plus a mirrored positive distribution of these voxels to noise, whereas the remaining positive values in the histogram were classified as having detectable leakage; the leakage values of these "noise" voxels were set to zero before calculation of the mean leakage rates over remaining voxels and, additionally, the fraction of "detectably leaking" voxels for each region was calculated. Raja et al. agreed that noise and negative values should be addressed but favored a different statistical procedure whereby the Akaike information criterion is used to determine whether the data in individual voxels support a model (e.g., Patlak) that includes BBB leakage versus a vascular-only model with no leakage term (i.e., *PS* = 0), although it is unclear how this addresses the problem of a model that fits the data well but with negative *PS* [@bib16]. Another approach was proposed by Taheri et al., who fitted a statistical distribution to *PS* values measured in a sample of healthy volunteers, and used the 95% confidence limit of this distribution to identify voxels with "abnormal" leakage [@bib65]. Each of these methods has limitations leading to arbitrary classification of "leaking" versus "nonleaking" or "noise" voxels that depend on instrumental and other site- and study-specific factors including the artifact level, CNR, the complicated noise structure, and the characteristics of "healthy" reference subjects, with the potential to bias study outcomes. The validity of such methods in the presence of significant signal drift, where *PS* measurements are likely to be offset from the true values, is also unclear. However, for research where the outcome measures relate to the properties of regions and tissues, it is not essential to dichotomize voxels in this manner, and several studies have simply averaged signals or leakage rates across all voxels within the regions and tissues of interest to reduce the effect of noise. As there is presently no consensus on voxel classification methods, a simple averaging approach is recommended as a common "baseline" for future studies.

The definition of region and tissue masks will depend primarily on the research questions and study objectives. Where tissue masks are used, care should be taken to avoid contamination by adjacent structures (e.g., CSF and major blood vessels), for example, by "eroding" the mask images. The use of carefully placed small regions of interest is an alternative approach that permits investigation of smaller structures and regions while avoiding contamination but is more observer dependent than automated methods and suffers from higher noise levels.

3.10. Biological interpretation {#sec3.10}
-------------------------------

Analysis of DCE-MRI using an appropriate pharmacokinetic model yields estimates of the BBB leakage rate, equivalent to the *PS* of the regional microvasculature. The permeability *P* is defined as the quantity of GBCA molecules leaving the capillary through the BBB per unit time, per unit capillary wall area, and per unit capillary blood plasma concentration of the GBCA, and the surface area *S* is the total capillary wall surface area per unit tissue volume; the product *PS* therefore represents the overall normalized "leakage rate" of GBCA across the BBB, i.e., the quantity leaking per unit time, per unit capillary plasma GBCA concentration, and per unit tissue volume. Because *S* is unknown, it is impossible to calculate the permeability *P* or to distinguish between differences or changes in the permeability and differences or changes in the capillary wall surface area. Currently, it is not possible to determine the local capillary wall surface area of the brain microvasculature in vivo with confidence; MR techniques for estimating the related vessel size have been proposed [@bib92] but are not straightforward to implement, involve other assumptions, and are at an early stage of development. "Leakage" and "leakage rate" of GBCA are therefore more appropriate terminology than "permeability" for describing DCE-MRI measurements of *PS*. It should also be emphasized that the leakage rate of a particular GBCA is being measured---typically, GBCAs are relatively small gadolinium complexes with low molecular weight (e.g., the molecular weight of gadobutrol and gadoteric acid are 604.7 g mol^−1^ and 558.6 g mol^−1^, respectively). Thus, although *PS* is a quantitative measure that is influenced by BBB integrity, it cannot predict the BBB transport rates of specific biological molecules in the blood such as glucose and proteins.

3.11. Reporting {#sec3.11}
---------------

Reporting of the employed methodology to measure subtle BBB leakage has sometimes been unclear and inadequate to permit replication. Although general reporting standards for clinical studies are well known, we recommend in particular that full details of the MRI acquisition, contrast administration, image processing, and pharmacokinetic modeling should be reported in sufficient detail to enable other groups to repeat the experiments. Reporting should include full details of the dynamic and *T*~1~ measurement scans, image preprocessing, VIF selection, model fitting, formulas, region and tissue mask generation, and postprocessing and statistical analysis of the data. In particular, the way in which the leakage value is calculated and to which voxels and tissue regions it refers requires attention. Where possible, individual patient hematocrits should be measured and used to report *PS* [@bib7]. Some publications have used the alternative *K*^Trans^ (defined as the quantity of GBCA leaking across the BBB per unit time, tissue volume, and *arterial* blood plasma concentration) notation, which is interchangeable with *PS* provided the model assumptions discussed previously (e.g., high blood flow, slow leakage) are applicable; in this case, we recommend reporting *PS* as a parameter that has a clear biological interpretation. This measure should be reported in preference to *K*~i~, which quantifies leakage in relation to blood concentration rather than blood plasma concentration of GBCA (because intravascular GBCA is normally restricted to the plasma compartment). Previous reviews provide guidance on appropriate units for reporting such data [@bib8], [@bib93]. We recommend to report representative values (i.e., mean or median) and spread (e.g., standard deviation or interquartile range) of all fitted pharmacokinetic parameters, including *v*~p~ or the related blood volume fraction $v_{b} = \ v_{p}/\left( {1 - \text{Hct}} \right)$. The tissue regions to which these values pertain should be clearly described; where parameter maps are shown, thresholds and other methods or filters used to generate these should be noted. We recommend that the acquisition parameters and other information summarized in [Table 3](#tbl3){ref-type="table"} should be reported with the study findings.Table 3Table of key parameters and information (not exhaustive) that should be reported where applicableMRI acquisition•Pulse sequence used for DCE-MRI, and *T*~1~ and flip angle mapping•Field strength, inversion/saturation-recovery delay, repetition time, echo time, flip angle•*k*-space sampling scheme•Acceleration techniques, bandwidth•Orientation, acquisition matrix, field of view, *acquired* spatial resolution (including structural scans)•Temporal resolution, acquisition time•Signal driftContrast agent•Agent, concentration, dose, volume•Injection rate, time, and delay•Number of pre-contrast imagesPreprocessing•Algorithms and formulas used for realignment, *T*~1~ calculation, concentration estimation etc.Pharmacokinetic modeling•Model selection and justification•Fitting method, data points excluded, constraints•Details of simulations performedVascular input function•Location, size, and procedure for selectingRegional measurement•Procedure for generating ROIs and tissue masks•Specify the signal modeled, i.e., voxel signal or region-averaged signalResults•Summary *PS* or *K*^Trans^, *v*~P~, *v*~b~, *T*~1~, and other relevant parameter values for each region•Representative signal enhancement curves including VIF•Representative concentration curves with model fit[^3]

4. Practical considerations for DCE-MRI in cognitively impaired and demented subjects {#sec4}
=====================================================================================

DCE-MRI has been applied in several cognitive impairment and dementia patient groups ([Table 1](#tbl1){ref-type="table"}), including mild cognitive impairment, vascular cognitive impairment, and early Alzheimer\'s disease [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib17], [@bib18], [@bib19], [@bib20], [@bib29], [@bib30]. However, researchers should be aware that there are some practical difficulties of studying and imaging such patients; in particular, detection of very small signal changes over a long acquisition requires a degree of compliance, as DCE-MRI is sensitive to patient motion. Anecdotally, we find that regular communication with imaging staff during the examination, accompaniment before MRI by a familiar clinician or carer, and the opportunity to rest, move, or break between scans have a positive effect on tolerability. Padding to reduce head motion is essential, and real-time motion correction (e.g. navigator-based or optical) scanning methods may in future increase feasibility in less compliant subjects.

Image analysis steps including spatial normalization and tissue segmentation also pose specific challenges in patients with severe neurodegeneration because of variable and often substantial levels of brain atrophy and lesion burden.

Regarding implementation, literature in the field is confined to a relatively small number of research centers with relevant medical physics and image processing experience. However, specialist MRI hardware and pulse sequences are not required for implementation, and we believe there is now sufficient information and advice available in the literature, including in the present article, to enable most groups with a good level of general imaging expertise to employ the technique. To support this, MRI protocols and analysis tools for structural and quantitative imaging, including DCE-MRI, are published on the HARNESS website ([www.harness-neuroimaging.org](http://www.harness-neuroimaging.org){#intref0020}).

5. Priorities for future research {#sec5}
=================================

O\'Connor et al. described a detailed roadmap for discovery, validation, and qualification of reliable IBs for use in cancer research and health care [@bib10], which we believe provides a useful framework for development of IBs in other fields including cSVD and dementia. In the language of the roadmap, our review describes an IB that has passed through the initial "discovery" domain and now sits within the second "validation" domain, wherein three tracks (technical validation, biological and clinical validation, and cost effectiveness) are identified. As discussed in detail in the preceding sections and summarized below, progress has been made in some aspects of the validation domain, but we believe that further research is required for DCE-MRI measurement of subtle BBB leakage to cross the first "translational gap" whereby it can be recognized as a reliable measure for testing hypotheses in clinical research.

With regard to **technical validation**, there is presently only one published study of precision in vivo [@bib36], studies of bias have been conducted mainly from a theoretical standpoint and are limited in scope; however, reasonable availability of the technique in the research setting is evidenced by publications from several groups globally. **Biological and clinical validation** has received some attention in the literature, with several studies showing associations between BBB integrity measures and certain clinical variables, but the diversity of acquisition and analysis protocols, and of study design, hampers comparison and pooling of such data; evidence linking IB measurements to the underlying biology is more sparse because of the lack of adequate reference methods. The **cost effectiveness** track has also received little attention to date: it is generally acknowledged that the long acquisition increases costs and discourages more widespread use, but a lack of data on precision is an obstacle to reliable calculation of statistical power and study cost. Cost-effectiveness will become more relevant after the first translational gap has been crossed and use of the IB in health care systems is considered.

As recommended by O\'Connor et al., the three tracks should be pursued in parallel, but in this context especially they are interdependent and require a foundation of methodological research. Throughout this review and in [Table 2](#tbl2){ref-type="table"}, we have identified specific areas requiring further research. In the following paragraphs, we propose three areas of immediate priority for future work in the field:1.A **standardized multivendor protocol** would underpin future studies of precision, bias, and clinical and biological validity and facilitate wider adoption. However, despite increasing application of the technique in clinical studies, little method development work is reported in the literature, leading to a lack of objective evidence on which to base a "consensus protocol." In this review, we provide several specific consensus recommendations for acquisition and data analysis ([Table 2](#tbl2){ref-type="table"}) with the aim of encouraging greater harmonization, but there is insufficient evidence to recommend a specific protocol at present. We therefore recommend that an international working group be established to continue to work toward an open-access consensus protocol. The group should be open to all experts in the field, and recommendations should be dynamic and version-controlled to represent the current best standard and respond to emerging evidence including from current projects by North American (<https://markvcid.partners.org>), European (<https://www.svds-at-target.eu/>), and global (<http://www.small-vessel-disease.org>) consortia.2.Evidence of **repeatability and reproducibility** should be obtained in healthy volunteers and/or patients. The outcome variables identified in Section [3.11](#sec3.11){ref-type="sec"} should be analyzed, and the raw images ideally made accessible to the research community to enable testing of different analysis methods and software.3.Further evidence of **accuracy** is required, including research into bias and biological validity. Such evidence would increase confidence within the cSVD and dementia research community that measurements are not only feasible and reproducible but reflect the pathophysiological aspect of interest. Such investigations should include theoretical studies, comparison with independent markers of BBB dysfunction, development and use of suitable MRI test objects, and preclinical histological validation. Further clinical studies of BBB leakage (following the recommendations provided) in relation to disease severity, disease progression and other clinical variables would also increase confidence in the technique.

Although the aforementioned steps are essential to establish DCE-MRI subtle leakage measurement as an IB for research, we also encourage basic research to advance or even replace current techniques, in order to increase the precision, accuracy, and feasibility of imaging BBB dysfunction.

6. Conclusions {#sec6}
==============

An increasing number of clinical studies are being published that indicate the possibility of, and growing interest in, MRI quantification of subtle BBB dysfunction for research into the pathophysiology of cSVD and dementia and, ultimately, for development and monitoring of treatments. As reported in this review, DCE-MRI provides at present the most promising means for achieving this and has yielded a number of intriguing findings in relation to cSVD. However, the technique has been implemented with diverse acquisition and analysis methods, which involve many assumptions and suffer from significant, sometimes unquantifiable, limitations that can render clinical findings difficult to interpret and impede comparisons between studies and centers. Some of the limitations stem from the practical and technical challenges of measuring very subtle leakage including the unfavorable CNR and artifact characteristics of the acquired signals. Reported BBB leakage measurements have a high variance between research sites, as noted by Raja et al. in their recent systematic literature review of BBB function in dementia [@bib16]. Their article emphasized the predominant role of DCE-MRI with pre-contrast *T*~1~ quantification and pharmacokinetic modeling but further noted that reliable measurement of subtle leakage is a particular challenge with this method; the authors also emphasized the need for collaborative efforts to harmonize data collection and analysis methods, a task we have initiated here.

As a group with substantial collective technical and clinical experience in the cSVD and MRI fields, our intention in writing this review is to provide researchers with comprehensive information, advice, and consensus-based recommendations for performing such measurements in research studies, to describe the limitations so that authors and readers may better assess the quality and implications of studies, and to identify areas where further research and development will benefit future clinical applications. For clarity, we note that our recommendations are not intended as a medical guideline and that DCE-MRI quantification of subtle BBB leakage is not yet suitable for use as a clinical decision-making tool. We hope that these recommendations will encourage a greater degree of harmonization in future studies where possible, in order that data from multiple centers can be more easily compared and pooled. We have focused on DCE-MRI as the method that is, at present, most advanced and most widely used, and which we believe provides a quantitative, though relative, measure of BBB integrity. Nevertheless, the technique is relatively immature in the context of measuring subtle BBB leakage, and we note that our recommendations do not represent the final word on the subject but rather a pragmatic "baseline" approach that may inform the design of future studies, lead to greater harmonization and interstudy comparability, and provide a starting point for future initiatives to further standardize, develop, and validate the method. The alternative techniques for assessing BBB integrity described in this article may also undergo further development and merit greater prominence in future reviews.Research in Context1.Systematic review: This article summarizes the work performed by an international multidisciplinary working party that convened on four occasions, comprising a review of the literature and proposal of recommendations concerning future application and development of blood-brain barrier integrity imaging.2.Interpretation: Examination of the literature revealed a high degree of methodological heterogeneity with potential to affect the findings and conclusions of research studies. Detailed advice and consensus recommendations are proposed to increase the quality and harmonisation of future clinical research studies.3.Future directions: Areas are identified where insufficient evidence precludes firm recommendations and further research is required. Three priorities for further development towards a reliable imaging biomarker of subtle blood-brain barrier failure are identified.
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[^1]: Abbreviations: AD, Alzheimer\'s disease; AUC, area under curve; BBB, blood-brain barrier; BD, Binswanger disease; CSF, cerebrospinal fluid; cSVD, cerebral small vessel disease; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; Δ*t*, temporal resolution; GBCA, gadolinium-based contrast agent; GM, gray matter; *K*~i~=*K*^Trans^/(1 − Hct); *K*^Trans^, volume transfer constant; mVCI, mild vascular cognitive impairment; NAWM, normal-appearing white matter; NCI, no cognitive impairment; *PS*, permeability--surface area product; sPDGFRβ, soluble platelet-derived growth factor receptor β; sGRE, spoiled gradient echo; SR, saturation recovery; SSS, superior sagittal sinus; *TA*, DCE-MRI acquisition duration; TAPIR, *T*~1~ mapping sequence with partial inversion recovery; VCI: vascular cognitive impairment; VIF, vascular input function; WM, white matter; WMH, white matter hyperintensity; WMP, white matter permeability.

[^2]: Abbreviations: BBB, Blood-brain barrier; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; GBCA, gadolinium-based contrast agent; *K*^Trans^, volume transfer constant; *PS*, permeability--surface area product; VIF, vascular input function.

[^3]: Abbreviations: DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; *K*^Trans^, volume transfer constant; *PS*, permeability--surface area product; VIF, vascular input function.
